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METHOD OF OPERATING SAR-TYPE ADC 
AND AN ADC USING THE METHOD 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a method of operating a 

successive approximation register (SAR) type analog-to 
digital converter (ADC) and to an analog-to-digital con 
verter con?gured to use the method. 

2. Description of the Related Art 
FIG. 1 shoWs a conventional SAR-type single-ended 

ADC 10 comprising an array of binary Weighted capacitors, 

namely an array formed of N capacitors CO . . . C]- . CN_1 With capacitances varying according to a factor 2], 

Where j varies from 0 to N-l. An additional capacitor Cx, 
With the same capacitance as the smallest capacitor (C0) of 
the array, is provided to obtain an overall array capacitance 
Which is exactly tWice the capacitance of the largest capaci 
tor (CN_1) of the array. Each capacitor of the array has an 
electrode connected to a common node NS and another 

electrode connected, through a respective sWitch SIN]- . . . 

SREFJ- . . . SGNDJ- . . . , either to an input terminal 11 to receive 

a voltage VIN (referred to ground) to be converted, or to a 
?rst reference terminal to receive a ?rst reference voltage 
VREF (referred to ground), or to a second reference terminal 
to receive a second reference voltage, in this eXample 
ground. The node NS is connected to the inverting input of 
an operational ampli?er 20, Which has a non-inverting input 
connected to ground and operates as a comparator. The 
output OUT of the operational ampli?er is fed back to the 
inverting input through a sWitch SWR. The comparator 
output OUT is also connected to a SAR control logic circuit 
25. The SAR control logic circuit 25 has a ?rst output 
terminal at Which the digital output code is produced and 
further output terminals that provide binary control signals 
BO . . . B]- . . . BN_1, CARVIN and BR to the drivers (broadly 

indicated DRV) of the sWitches SIN]- . . . SREFJ- . . . SGNDJ- . . . 

and to the sWitch SWR. An analysis of the logic gates Which 
form the sWitch drivers DRV shoWs that sWitches SREFJ- and 
SGNDJ- are equivalent to a tWo-Way sWitch Which is opened 
or closed depending on the binary value of bit Bj to connect 
the capacitor Cj either to VREF or to ground. The binary 
signal CARVIN controls sWitch S IN]- to open or close a 
connection of capacitor Cj to VIN and inhibits the closure of 
both sWitches SREFJ- and SGNDJ- When sWitch SIN]- is on. 

The operation principle is that typical of an SAR-type 
ADC. First, signal BR closes sWitch SWR to connect node 
NS to a virtual ground and signal CARVIN closes sWitches 
S 1N0 . . . S IN]- . . . S ,NN_1 This causes all the array capacitors 

to be charged to the voltage VIN to be converted. Then, 
sWitch SWR is opened, so that node NS remains ?oating, and 
the SAR control logic 25 controls, through the binary signals 
BO—BN_1, the sWitches associated With the capacitors to 
selectively couple each capacitor of the array to either one 
of the ?rst and second voltage reference terminals (VREF, 
ground) according to the SAR technique. As a result of this 
operation step, node NS is brought to voltage: 

Fl 

VREF 
2] 

Where b]- indicates the binary value of the j-th bit (associated 
With capacitor C]- of the array). The operational ampli?er 20 
reads the sign of the voltage at node NS and outputs a 
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2 
corresponding digital signal. The control logic 25 is respon 
sive to this digital signal to determine the value of the 
current bit of the output code and provides the capacitor 
array With a digital code for controlling the capacitor 
sWitches SREF], SGNDJ- in the subsequent operation step. 
After the last step, on the SAR control logic output there is 
the digital code (OutputCode) corresponding to VIN. 
A basic requirement for a correct design of a SAR-type 

ADC is a substantial equality of the dynamic range, i.e., the 
maXimum sWing of the voltage signal to be converted, and 
the Full Scale Range (FSR), i.e., the difference betWeen the 
internal reference voltages (VREF and ground in the circuit 
of FIG. 1). If an optimum performance is required, the 
voltage signal to be converted should not be too high so as 
to be cut off, Which Would cause a conversion saturation 
error, and not too much loWer than the FSR, otherWise the 
resolution of the converter Would not be used at the best. 

Usually, When the signal dynamic range is knoWn, the 
designer implements a reference voltage generator capable 
of providing an FSR at least as large as the dynamic range. 

This approach brings about tWo problems. First, the trend 
to the supply voltage reduction in the integrated circuit 
design and the requirement of providing a proper stable 
biasing of the operational ampli?ers Which generate the 
voltage references limit severely the maXimum obtainable 
FSR. Second, it is often required to handle input voltage 
signals having different dynamic ranges. In this case, the 
FSR should be adjusted to each input dynamic range if the 
maXimum resolution is to be obtained; this solution, 
hoWever, is unpractical and generally dif?cult, if not 
impossible, in its implementation. Other knoWn solutions 
keep a ?Xed FSR and provide netWorks for doWn-scaling the 
input signal before it is applied to the capacitor array, as 
shoWn in FIGS. 2 and 3. 

FIG. 2 shoWs an ADC 10 identical to that of FIG. 1 With 
a doWn-scaling netWork 26 implemented With a simple 
resistor voltage divider. Four resistors R0, R1, R2, R3 are 
shoWn in series betWeen an input terminal 27 and ground. 
The input terminal 27 and three taps of the divider can be 
selectively connected to the input terminal 11 of the con 
verter 10 through a sWitch SW5 controlled by a selection 
register 28. If the FSR at the input 11 of the converter 10 is 
knoWn and the different dynamic ranges of the input signals 
are knoWn, the divider can be easily designed to provide 
doWn-scaled replicas of the input voltage VIN. Acode stored 
in the selection register 28 makes it possible to select either 
the non-scaled input or one of the doWn-scaled replicas 
Which best ?t in each case. This solution has a number of 
disadvantages. First of all, the divider is a load for the 
generator of the signal to be converted, so that, this solution 
cannot be used With high impedance signal generators; 
furthermore, When usable, it causes an additional poWer 
consumption. In this case a compromise should be taken in 
selecting the overall resistance of the divider, since the 
overall resistance should be as high as possible to reduce 
poWer consumption, but should be loW enough not to limit 
the charging speed of the capacitor array and therefore the 
conversion speed. In addition, an error component due to the 
noise associated With the resistor arrangement adds to the 
input signal, thereby reducing the accuracy and linearity of 
the converter. Finally, the dif?culty in designing resistors 
Which provide accurate scaling of the input signal and the 
integrated circuit area needed for the voltage divider should 
be also taken into account. 

To avoid that a current is draWn from the generator of the 
signal to be converted, a scaling arrangement 26‘, as shoWn 
in FIG. 3, has been proposed. In this arrangement the input 



US 6,720,903 B2 
3 

signal VIN is applied to the non-inverting input of an 
operation ampli?er 29. A voltage divider comprising four 
resistors R0‘, R1‘, R2‘, R3‘ is connected as shoWn to the 
inverting input of the operation ampli?er 29 through a 
sWitch SW5‘ controlled by a selection register 28‘. A feed 
back resistor RF is connected betWeen the output and the 
inverting input of operation ampli?er 29. The input signal 
VIN can be doWn-scaled by changing the resistance betWeen 
the inverting input and ground, and thus the gain of the 
operation ampli?er, by means of a digital code stored in the 
selection register 28‘. This arrangement has most of the 
disadvantages of the arrangement shoWn in FIG. 2 and 
additional problems related With the offset, noise and pass 
band of the operation ampli?er. 

Afurther limitation of the solutions shoWn in FIGS. 2 and 
3 is that the number of possible dynamic ranges is deter 
mined by the number of resistors of the voltage divider 
(typically 4 to 8), so that the user is not free to select the 
better dynamic range for his application, but is compelled to 
select one of the available dynamic ranges. 

BRIEF SUMMARY OF THE INVENTION 

An embodiment of the present invention provides an 
improved method of operating a SAR-type ADC to match 
the dynamic range of a voltage signal to be converted With 
the full scale range of the ADC Without the limitations of the 
prior art converters. 

The SAR-type analog-to-digital converter includes an 
array of binary Weighted capacitors, and the method 
includes the steps of: 

obtaining a digital gain code Which represents the ratio 
betWeen the full scale range and the dynamic range of 
the voltage signal to be converted, 

applying the voltage signal to be converted to the capaci 
tor array, so as to charge With the voltage signal to be 
converted those array capacitors having the same 
binary Weights as the bits of the gain code Which have 
a selected binary value, and 

selectively coupling the capacitors of the array to either 
one of the ?rst and second voltage reference terminals 
according to the SAR technique, to obtain an output 
digital code corresponding to the input voltage signal. 

Another embodiment of the invention provides an SAR 
type ADC that is operated according the improved method. 

The SAR-type analog-to-digital converter for converting 
an input voltage, referred to a common reference terminal, 
to an output digital code, comprises 

a reference voltage generator having a ?rst and second 
reference voltage terminals, 

an array of binary Weighted capacitors, each of said 
capacitors having a ?rst electrode connected to a com 
mon node and a second electrode selectively connect 
able through respective controlled sWitching means to 
an input terminal at Which the input voltage is applied, 
to the common reference terminal, or to either one of 
the ?rst and second reference voltage terminals, 

a register for storing a digital gain code, 
control means coupled to the controlled sWitching means 

to open or close selectively the controllable sWitching 
means for connecting in a ?rst step the capacitors of the 
array either to the input terminal or to the common 
reference terminal to charge to the voltage signal to be 
converted only those array capacitors having the same 
binary Weights as the bits of the gain code Which have 
a selected binary value and for connecting in a second 
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4 
step the array capacitors to either one of the ?rst and 
second reference voltage terminals according to the 
SAR technique. 

The features and advantages of the present invention Will 
be more clearly understood from the folloWing detailed 
description taken in conjunction With the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

FIGS. 1—3 illustrate schematically three knoWn ADCs, 
FIGS. 4 and 4A illustrate schematically tWo embodiments 

of an ADC according to the invention, 
FIG. 5 illustrates schematically a portion of a third 

embodiment of an ADC according to the invention, and 
FIG. 6 illustrates schematically a fourth embodiment of 

an ADC according to the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The converter according to the embodiment shoWn in 
FIG. 4, broadly indicated as 40, differs from the prior art 
converter of FIG. 1 for the addition of a gain code register 
41, logic gates in the sWitch drivers, indicated DRV‘, and 
respective connections betWeen the additional logic gates 
and an output bus 42 from the gain code register 41. 
The gain code is a binary digital code Which expresses the 

ratio betWeen the full scale range (FSR) of the ADC and the 
dynamic range (Vmmax) of the input voltage signal to be 
converted and is obtained from the folloWing expression: 

].2~ _1] W VINmax GainCode : bin“ 

Where N is the resolution bit number of the converter and bin 
is the function Which converts in binary form the real value 
in square brackets, previously approximated to the closest 
integer. 

According to the invention, the gain code is used to 
selectively drive the sWitches SINO‘ . . . Sin]! . . . S,NN_1‘ and 

SGNDO‘. SGNDj‘ . . . SGNDN_1‘ associated With the array 
capacitors during the charging step, i.e., the step of applying 
the voltage signal VIN to be converted to the capacitor array. 
Instead of connecting all the array capacitors to a common 
input terminal, as is terminal 11 in the prior art converter of 
FIG. 1, according to the invention only those capacitors of 
the array Which have the same binary Weights as the bits of 
the gain code With value “1” are connected to the input 
terminal 11‘. The remaining capacitors of the array, Which 
have the same binary Weights as the bits of the gain code 
With value “0” are connected to ground through the respec 
tive sWitches SGNDj. 
Assume, for example, that FSR=1.5 V and VlNmax=2 V. If 

the capacitor array has a resolution of N=10, the gain code, 
as obtained from the expression (1), is 1011111111. This 
means that all the capacitors With the exception of capacitor 
CN_2, i.e., the capacitor Which codi?es the bit 28 and has a 
value 28C, are connected to the input terminal 11‘, While 
capacitor CN_2 is connected to ground. 
The sWitch drivers, according to the invention, are imple 

mented so as to drive each capacitor of the array during the 
charging step independently and according to the gain code 
stored in the register 41. This requires the addition of logic 
gates in the sWitch drivers, as is clear from a comparison of 
FIGS. 1 and 4. 
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According to this embodiment of the invention, the gain 
code is ?rst calculated and stored in the gain code register 
41. The voltage signal VIN to be converted is then applied to 
the input terminal 11‘ of the array and the capacitors of the 
array are connected either to VIN or to ground, depending on 
the values of the bits With the same binary Weights in the 
gain code. This operation logic should be clear from an 
analysis of the netWork formed by the logic gates of each 
sWitch driver. At the end of this charging step, the SAR 
control logic 25 supplies control signals BO— N_1 to the 
sWitch drivers DRV‘ on a bus 43 to couple selectively all the 
capacitors to either VREF or to ground according to the usual 
SAR technique. 

In the embodiment shoWn in FIG. 4 and described above 
it is assumed that both the input voltage VIN and the 
reference voltage VREF are referred to ground. HoWever, in 
general, the input voltage and the reference voltage can be 
referred to different voltages. In this case an additional 
sWitch has to be associated With each capacitor of the array 
and additional logic gates have to be provided in the sWitch 
drivers to individually drive the sWitches of the array. Such 
an arrangement is shoWn schematically in FIG. 4A, Where 
the same reference numerals and symbols are used to 
indicate the same components as in FIG. 4. In this example, 
the reference voltage VREF is referred to a voltage indicated 
VREFM. Additional sWitches SREFMO . . . SREFMJ- . . . 

SREFMM1 are provided to selectively connect each capacitor 
of the array to an additional terminal at the reference voltage 
VREFM. The sWitch drivers, broadly indicated by a box 
DRV“, are not shoWn in detail to avoid unnecessary draWing 
complexity, but can be easily designed by a person skilled in 
the art of designing digital circuits. 

The advantages of the invention should be clear from the 
explanation above. First, all the problems of poWer 
consumption, operation speed, noise and distortion are over 
come because no dedicated scaling arrangement is required. 
Second, the doWn-scaling of the input signal can be effected 
With an accuracy equal to the converter resolution, so that 
any dynamic range of the input signal larger than the FSR 
can be doWn-scaled With a high accuracy. It should be noted 
that the additional integrated circuit area required is limited 
to the logic gates of the sWitch drivers and to a data bus (42 
in FIG. 4) for the gain code. This additional bus can be 
omitted by a suitable implementation of a logic netWork for 
using a single bus in time sharing for the GAINCODE 
(N-1;0) and the control signals, or conversion code BO—BN_1, 
taking advantage of the fact that the gain code and the 
conversion code are never used simultaneously. 

This embodiment of the invention brings about a further 
advantage, in that it can be implemented to correct any gain 
errors of the ADC. A gain error is the difference betWeen the 
actual and the nominal FSR and is due to various manufac 
turing inaccuracies, such as offset, feed-through, and 
mismatches, Which affect in particular the reference voltage 
generator. According to the invention, the gain error is 
corrected by properly adjusting the scaling factor, i.e., the 
digital code stored in the register 41. 
An example of this application is shoWn in FIG. 5. 

Assume that an ADC 40 according to the invention as shoWn 
in FIG. 4 is used to convert an input signal VIN having a 
knoWn dynamic range. A default gain code, namely a 
nominal gain code calculated from a nominal FSR and the 
input dynamic range, is stored in a register 41. A test input 
signal VINE“ having a knoWn corresponding nominal digital 
code is input to the ADC 40 through a sWitching, or 
multiplexer MUX, unit 50. The multiplexer 50 and another 
sWitching unit 52 are controlled synchronously by a digital 
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6 
code GAINCORR from a system control unit (not shoWn) to 
couple the test input signal to the ADC input and to provide 
the converted actual digital code, output by the ADC, to a 
comparison and adjusting unit 51 for a short test time. The 
actual digital code obtained from the conversion during the 
test time is compared in the comparison and adjusting unit 
51 With the nominal digital code to obtain a converter gain 
error. The nominal gain code stored in the register 41 is 
adjusted according to the converter gain error and used to 
operate the ADC as explained in connection With FIGS. 4 
and 4A. Turning to the example described above Where 
VlNmax=2 V, but With an actual FSR=1.4 V, instead of the 
nominal value 1.5 V, the resulting adjusted gain code, as 
obtained from the expression (1), Would be 1011001100. In 
the case of a plurality of input dynamic ranges, the unit 51 
could include a table With a list of correction codes, each 
corresponding to a different input dynamic range. At the end 
of the test time, the output code from the ADC is provided 
on an output bus 53 from sWitching unit 52. 

FIG. 6 is a schematic diagram of a differential SAR-type 
ADC. The differential ADC includes tWo identical circuit 
arrangements 40p and 40m, each comprising a capacitive 
array With respective sWitches and sWitch drivers. Differen 
tial inputs VINP, VINM, referred to a voltage VX and differ 
ential reference voltages VREFP, VREFM, are applied to the 
circuit arrangements 40p, 40m. The outputs from the 
arrangements 40p, 40m are coupled to a comparator 20‘ in 
the form of a differential ampli?er. TWo sWitches SWR are 
connected betWeen the differential inputs and outputs, of the 
differential ampli?er 20‘. A SAR control logic unit 25‘is 
connected to the comparator output and has an output 
terminal (OutputCode) and further output terminals that 
provide control signals BO . . . B]- . . . BN_1, CARVIN and BR 
for the arrangements 40p and 40m. 

In the operation, ?rst, When the signal CARV,N=1, a 
charging step is carried out. More particularly, the capacitors 
of the upper array 40p having the same binary Weights as the 
bits of the gain code Which have the binary value “1” are 
coupled to the input voltage terminal VINP, While the capaci 
tors of the same array having the same binary Weights as the 
bits of the gain code Which have the binary value “0” are 
coupled to the reference voltage terminal Vx. At the same 
time, the capacitors of loWer array 40m corresponding to the 
capacitors of the upper array 40p Which are coupled, 
respectively, to VINP and to Vx are coupled to the input 
voltage terminal VINM and to the terminal VX, respectively. 
For example, if the i-th bit of GAINCODE is a 1, the i-th 
capacitor of the upper array 40p is coupled to VINP and the 
i-th capacitor of the loWer array 40m is coupled to VINM; 
and, if the j-th bit of GAINCODE is a 0, the j-th capacitors 
of both arrays are coupled to VX. During the charging step 
the sWitches SWR are closed, the comparator 20‘ is in a reset 
condition and the common nodes NSP, NSM of the tWo 
arrays are forced to the reset common mode voltage of the 
comparator. At the end of the charging step, the signal 
CARVIN goes to 0, the sWitches SWR are opened, the 
common nodes NSP, NSM are ?oating and the capacitors are 
connected to either one of the differential reference voltage 
terminals VREFP, VREFM in accordance With the logic of the 
successive approximation algorithm. The capacitors are con 
nected in a dual mode, i.e., if a capacitor of the upper array 
is coupled to VREFM, the corresponding capacitor in the 
loWer array is coupled to VREFPand vice versa. An indi 
vidual logic arrangement is shoWn for driving the sWitches 
of each capacitor of the arrays; hoWever the same logic 
arrangement could be used for driving the sWitches of dual 
capacitors. 
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It should be understood that many different embodiments 
of the invention may be provided Without departing from the 
spirit and scope of the invention. The invention, therefore, is 
not limited to the embodiments described above but is 
limited only by the appended claims and the equivalents 
thereof. 
What is claimed is: 
1. A method of operating an SAR-type analog-to-digital 

converter to match a dynamic range of an input voltage 
signal to be converted With a full scale range of the 
converter, the converter including an array of binary 
Weighted capacitors, the method comprising the steps of: 

obtaining a digital gain code Which represents a ratio 
betWeen the full scale range and the dynamic range of 
the voltage signal to be converted, the gain code 
comprising a binary digital code having bits With 
binary Weights; 

applying the voltage signal to be converted to the capaci 
tor array, so as to charge With the voltage signal to be 
converted only those array capacitors having binary 
Weights identical to the binary Weights of the bits of the 
gain code that have a selected binary value; and 

selectively coupling the capacitors of the array to either 
one of ?rst and second predetermined reference voltage 
terminals according to an SAR technique to obtain an 
output digital code corresponding to the input voltage 
signal; 

Wherein the binary digital code is generated from the 
folloWing, expression: 

1-2” -1] (1) VINmax 
GainCode : binK 

Where N is the resolution bit number of the converter, 
bin is the function that converts in binary form the 
real value Within the square brackets, previously 
approximated to the closes integer, 

FSR is the full scale range of the converter, and 
VINmax represents the dynamic range of the input signal 

voltage to be converted. 
2. The method of claim 1 Wherein the step of obtaining a 

gain code comprises the steps of evaluating a gain error as 
a difference betWeen an actual full scale range and a nominal 
full scale range and correcting the gain code according to the 
evaluated gain error. 

3. The method of claim 2 Wherein the step of evaluating 
a gain error comprises the steps of 

converting a test analog signal having a corresponding 
nominal digital code to obtain a converted correspond 

8 
ing actual digital code and comparing the nominal 
digital code With the actual digital code to obtain the 
gain error from the comparison result. 

4. A method of controlling a converter having an array of 
5 binary Weighted capacitors, comprising: 
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generating a digital gain code having bits With binary 
Weights corresponding to a ratio betWeen a full scale 
range of the converter and a dynamic range of an input 
signal, Wherein generating a digital rain code comprises 
generating a binary digital code by determining a ratio 
betWeen the full scale range of the converter and the 
dynamic range of a voltage of the input signal, and 
Wherein the binary digital code is generated from the 
folloWing expression: 

1-2” - 1] (1) VINmax 
GainCode : binK 

Where N is the resolution bit number of the converter, 
bin is the function that converts in binary form the 
real value Within the square brackets previously 
approximated to the closes integer, 

FSR is the full scale range of the converter, and 
VINmwc represents the dynamic range of the input signal 

voltage to be converted; 
charging With the input signal only the array capacitors 

having the identical binary Weight as the binary 
Weights in the bits of the digital gain code; and 

coupling the array of capacitors to one of either a ?rst 
voltage reference or a second voltage reference in 
accordance With a successive approximation register 
technique to generate an output digital signal respon 
sive to the input signal. 

5. The method of claim 4, comprising storing the in a 
digital code register. 

6. The method of claim 5 Wherein the step of generating 
a gain code comprises the steps of evaluating a gain error as 
a difference betWeen an actual full scale range and a nominal 
full scale range and correcting the gain code according to the 
evaluated gain error. 

7. The method of claim 4, comprising the step of evalu 
ating a gain error, Which comprises converting a test analog 
signal having a corresponding nominal digital code to obtain 
a converted corresponding actual digital code and compar 
ing the nominal digital code With the actual digital code to 
obtain the gain error from the comparison result. 

* * * * * 
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